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Introduction
Supercontinua (SC) can be generated by launching pulses with a high peak power into narrow-core microstructured fibers (MFs) [1, 2] . The complex mechanisms behind the extremely broad spectra obtained have been investigated by several research groups for various input-pulse characteristics, such as wavelength [3] [4] [5] , temporal width [5,6], peak power, and polarization [5, 7, 8] . The interplay between the optical properties of the MFs, e.g., dispersion and fiber length, and the physical phenomena have also been analyzed [1, 3] . Among the various nonlinear processes, the generation of strong blue spectral components with femtosecond pulses at wavelengths falling in the anomalous dispersion region of the MF has received considerable attention. Nevertheless, the commonly given explanation of the dispersive-wave generation fails to fully predict the spectral distribution of the blue components. In particular, the SC spectrum extends further to the blue than predicted by requiring phase-matching between the dispersive waves and the multiple solitons that result from the decay of the initial pulses. Also, the experimentally measured amplitude of the blue spectral components has been found to be surprisingly large. Recently, it has been suggested that pulse trapping between the solitons and the dispersive waves could explain the observed features [9] [10] [11] .
In this paper, we investigate the physical phenomena responsible for the formation of the blue components in the SC spectrum generated when launching sub-30 fs pulses into a narrow-core MF. We demonstrate that in our experiments cross-phase modulation (XPM) is an important factor which causes new spectral lines to be created on the short-wavelength side and thereby extending the spectrum further towards the blue. We can not confirm the results of Refs. [9] [10] [11] suggesting that this would be due to pulse trapping and shift of the carrier frequency of the dispersive wave in order to match the group velocities of the dispersive and solitons waves. Rather, we suggest that the continuous blue shift results from cascaded XPM occurring as the solitons and the dispersive waves travel at different group velocities. The high dispersion at the wavelength of the dispersive waves also shows to play a crucial role. We present a detailed analysis of the phenomenon through numerical simulations and compare the findings with experimental data. Finally, we discuss the effect of XPM in the context of SC generation with longer 200-fs pulses and show that they are in agreement with reported experimental observations.
Experiments
The pump source used for generating the supercontinuua was a Ti:Sapphire laser (GigaOptics/Gigajet Kit 20) producing 27 fs pulses at a repetition rate of 1 GHz. The center wavelength of the pulses is located at 790 nm and the maximum average power of the output was 600 mW. This type of a laser has been widely used for generating the frequency combs for optical frequency metrology [12] . The pulses were coupled into the MF using an achromatic lens with a 2-mm focal length yielding a coupling efficiency of ca. 20%. The 1.5 m long MF had a core diameter of 1.67 µm and an air-filling fraction of 63%. The dispersion of the fiber as a function of wavelength is displayed in Fig. 1 . The fiber has two zero-dispersion wavelengths, one located at around 700 nm and another at 1400 nm. The fiber exhibits large birefringence which, for input pulses polarized along one of the principal axes, results in a polarized continuum [5, 7] . Single-mode behavior of the MF was observed for wavelengths above at least 400 nm. Spectra of the continuum generated in the MF for increasing input power are presented in Fig. 2 . For the highest average input power of ~120 mW, the spectrum extends from 450 nm to 1600 nm. Fig. 2 . Supercontinuum spectra recorded at the output of the MF for increasing average input power. P av : average power, XPM: cross-phase modulation, and DW: dispersive wave. λ P =790 nm and ∆τ=27 fs.
For low input power two distinct spectral peaks are observed. The peak shifted most to the red corresponds to a soliton experiencing soliton-self frequency shift (SSFS) as previously reported by several authors [3] [4] [5] [6] . As the input power is increased, the red-shift of the soliton is considerably enhanced with the simultaneous appearance of blue components in the spectrum. The peak marked with DW in Fig. 2 corresponds to a dispersive wave. The location of this peak slightly varies with the input power. Besides, a new spectral peak marked with XPM and located on the blue edge of the spectrum appears as the input power is increased. The magnitude of the XPM peak increases and its wavelength decreases with increasing input power. The wavelength separation between this new peak and the DW peak with the lowest wavelength also increases. On the infrared side, the distinct peak at around 1600 nm seen in the lowest spectrum also results from the generation of a dispersive wave beyond the infrared
Analysis
The onset of the continuum formation can be explained in the framework described in earlier publications [3] [4] [5] . As a result of the interplay between self-phase modulation and anomalous dispersion, the input pulse is first compressed, which leads to an expansion of the spectrum into the normal dispersion region of the fiber. The spectral overlap between the pulse and a dispersive wave (DW) with the same wave vector results in the generation of the DW. As a result there appears a distinct peak in the blue region of the spectrum indicated by the DWarrow in Fig. 2 . The location of the DW peak in the spectrum can be found from the phase-
where β (ω P ) and β (ω DW ) denotes the propagation constants of the MF at the angular frequencies of the pump and the dispersive wave, respectively, and γ is the nonlinear coefficient of the MF and β n denotes the n th term in the Taylor-series expansion of the propagation constant at around ω P . The factor f R accounts for the fractional contribution of the Raman-delayed response of the fiber and P P is the peak power of the compressed pulse (and not to that of the initial input power). In our case, the peak power of the pulse is roughly doubled after compression [15] . The phase-matching condition of Eq. (1) is plotted in Fig. 3 as a blue solid line using the full propagation constant of our fiber and for a pump wavelength of 790 nm and an initial average power of 120 mW (corresponding to P P, initial =3.6 kW). For comparison, the spectrum recorded at the output of the MF is also shown. The location of the dispersive wave at 515 nm is well predicted by Eq. (1). Furthermore, Fig.  3 shows that the peak located at the blue edge of the spectrum should not result from the generation of a dispersive wave, since its location is detuned by more than 60 nm from the phase-matched 515 nm.
To clarify the origin of the left-most peak near 450 nm in the spectrum of Fig. 3 , we model the propagation of a 27 fs pulse along the MF using the nonlinear Schrödinger equation [15] . In order to accurately simulate our experiments, the full propagation constant of the MF is included together with the Raman contribution and the self-steepening effect. The variation of the effective area of the fiber with wavelength and the wavelength-dependent losses are also taken into account in the model. The simulated spectrum is illustrated in Fig. 4 . It resembles the measured one to a great extent. In particular, the spectrum of the solitons and the location of the blue peaks are faithfully reproduced. The peak at around 1600 nm appears to be broader in the simulation than in the experiments. This could be due to the leakage losses being underestimated at long wavelengths. Besides, the simulation indicates that the blue spectral components contain about 10% of the total energy, which is less that the 22% estimated from the experimental data shown in Fig. 3 . This discrepancy could be due to the drop of the spectral intensity at longer wavelengths resulting from the decreasing sensitivity of the spectrum analyzer. Fig. 4 . Simulated SC spectrum. The parameters of the input pulse are the same as in the experiment shown in Fig. 3 . For better comparison, the simulated spectrum was averaged over the same spectral window as is the resolution bandwidth of the optical spectrum analyzer applied in the experiments, i.e., 10 nm.
The simulated spectrogram of the supercontinuum is displayed in Fig. 5 for different propagation lengths along the fiber. A pump pulse with a peak power of P P and full-width at half-maximum of T FWHM decays into N solitons as , where γ and β 2 are the nonlinear coefficient and the dispersion value at the pump wavelength, respectively. A visible dispersive wave is initially generated at a wavelength determined by Eq. (1) (see Fig.  5(a) ). The simulation shows that the location of the dispersive wave is independent of the propagation distance as could be expected from Eq. (1). From Fig. 5 , it is also clear that as the center wavelength of the soliton shifts with propagation, its spectrum does not extend anymore beyond the visible zero-dispersion wavelength and, therefore, does not generate new dispersive waves along propagation. Even though the pump and the blue dispersive wave initially have the same phase, the dispersive wave travels at a slower velocity than the pump making these two waves to separate in time from each other. The first soliton which splits off from the pump carries most of the power. With propagation it experiences the SSFS and its center wavelength shifts towards the red. Consequently, the soliton group velocity decreases. This decrease results in a progressive catching up of the soliton by the blue dispersive wave. When the soliton walks through the dispersive wave, spectral components on a blue side of the dispersive wave start to appear (see Figs. 5(b)-(c) ). These components move at a different group-velocity than the soliton and the dispersive wave and they disperse with further propagation along the MF (see Fig. 5(d) ). Also, interaction between the newly generated blue components and the soliton is observed (see Fig. 5(c) ). The spectrum of the soliton is not affected by the co-propagation of the dispersive wave. Furthermore, as the spectrum of the soliton extends into the normal dispersion region beyond 1400 nm an infrared dispersive wave is generated (see Fig. 5(d) ). The interaction between the soliton and the infrared dispersive wave differs from that of the soliton and the blue dispersive wave. In particular, the infrared dispersive wave travels with a faster group velocity than the soliton and, therefore, these two cannot cross. As the soliton and the blue dispersive wave temporally overlap over a distance δ z in the fiber, the soliton induces a time-dependent nonlinear cross-phase change δ ϕ XPM on the
where A, P S , and T S represent the amplitude, peak power and temporal width of the soliton at the distance z, respectively. The walk-off of the soliton and the blue dispersive wave is accounted for through their group-delay difference ∆β 1 . The nonlinear phase change is directly proportional to the nonlinear coefficient γ at the frequency of the dispersive wave ω DW . Note that the peak power, width and group-delay of the soliton vary with the propagation length z due to the SSFS which induces a constant reshaping of the soliton. The peak power of the dispersive wave is much lower than that of the soliton and, therefore, the XPM induced by the dispersive wave on the soliton is negligible. For the same reason, the nonlinear phase change induced by the dispersive wave on itself (self-phase modulation) is also negligible compared to δϕ XPM .
The nonlinear phase change induced by the soliton on the dispersive wave affects considerably the propagation of the dispersive wave. In the early stage, the trailing edge of the soliton pulse interacts with the leading edge of the dispersive wave and generates positive chirp, i.e., blue-shift. Therefore, the leading edge of the dispersive wave consists of blueshifted spectral components which, due to the normal dispersion of the MF at these wavelengths, travel slower than the red components of the dispersive waves. spectrogram (see Fig. 5(a) ), strongly affects the dynamics of the XPM between the soliton and the dispersive wave as illustrated in Fig. 6 . Indeed, the blue part of spectral component created by XPM appears to be shifted further into the blue as the soliton is delayed whereas the red part becomes less and less visible, since it overlaps with the leading edge components of the dispersive wave. Moreover, due to the high dispersion value at the wavelength of the dispersive wave, the dispersion length of the dispersive wave is small compared to the walkoff length of the soliton and the dispersive wave. As a consequence, dispersion of the XPMinduced spectral components cannot be neglected. In particular, the blue-shifted XPM components are generated first, since the leading edge of the dispersive wave first overlaps with the trailing edge of the soliton (see Fig. 6(b) ) and they experience dispersion with further propagation (see Figs. 6(d)-(f) ). This prevents the positive chirp induced by the trailing edge of the soliton to be fully compensated for by the negative chirp induced by its leading edge and as a net result one observes an enhanced blue-shift of the XPM components. Cross-phase modulation does not involve any energy exchange between the soliton and the dispersive wave and manifests itself as the spectral redistribution of the energy of the dispersive wave. This explains the fact that the spectral bandwidth of the dispersive wave decreases on the red side as the blue spectral components are generated. In addition, the newly created blue-shifted components travel at slower and slower group velocities inducing the bow-like shape observed in the spectrograms (see Figs. 6(c)-(e)). With further propagation, the group velocity of the soliton decreases and it overlaps not only with the dispersive wave but also with those newly created blue components. The cascaded XPM leads to an even larger blue-shift and as for XPM interaction between the dispersive wave and the soliton, the XPM interaction between the soliton and the XPM-induced blue spectral components results in a redistribution of the energy towards the blue. This explains the gap observed between the dispersive wave and the XPM-induced blue components which appear in the spectrum at the output of the fiber as a distinct peak in Figs. 3-4. The magnitude of this peak and its wavelength-separation from the dispersive wave peak is an increasing function of the input power as could be observed in the experiments (see Fig. 2 ). An increase in the input power leads to and increase in the peak power of the soliton thus enhancing the XPM interaction (see Eq. (2)). The XPM effects described above can conveniently be visualized in the spectrogram animation presented in Fig. 7 . As the soliton experiences the SSFS, its width increases due a change in the dispersion and its peak power decreases. This, in turns, reduces the magnitude of δϕ XPM (see Eq. (2) and thereby the efficiency of the XPM blue-shift as is seen in Fig. 6 . Furthermore, it is clear from the simulations that no such pulse trapping and shift of the dispersive wave carrier frequency for
group velocity matching with the soliton as described in Refs. [9-11] can be observed here. The XPM-induced blue spectral components disperse with propagation. The XPM interaction ceases as soon as the soliton has walked through the dispersive wave.
To confirm that the effects described above are indeed induced by XPM, the evolution of the dispersive wave along the fiber was simulated by solving the simplified nonlinear Schrödinger equation in a frame of reference moving at the group velocity of the dispersive wave. Only the dispersion, the XPM induced by the soliton and the group-delay difference between the soliton and the dispersive wave are included in the equation
Here B represents the amplitude of the dispersive wave, ∆β 1 is the group-delay difference between the soliton and the dispersive wave, and β 2 is the dispersion coefficient at the frequency of the dispersive wave ω DW . The term ϕ XPM on the right-hand side of Eq. (3) accounts for the XPM induced by the soliton on the dispersive wave as is defined by Eq. (2). Due to the low peak power of the dispersive wave and the high dispersion value, self-phase modulation is not expected to play a major role in the evolution of the dispersive wave and is therefore not included in Eq. (3). This assumption was actually checked by adding the selfphase modulation term in the simulation. No change in the results was observed.
To take into account the SSFS experienced by the soliton, its characteristics (peak power, temporal width, and group-delay) are evaluated after each propagation step δ z by following the procedure described in Ref. [16] . The new values obtained for P S , T S , and β 1 (ω S ) are then utilized for calculating ϕ XPM after the dispersive wave has propagated over a distance δ z. In principle, a corrective term should be added to the value of β 1 (ω S ) [17] . For simplicity, this correction term is neglected. The dispersive wave is assumed to be initially Gaussian. The initial peak power and temporal width of the soliton and the dispersive wave were extracted from the simulations performed using the full nonlinear Schrödinger equation (see Fig. 4 ). The evolution of the spectrum of the dispersive wave obtained by solving Eq. (3) is illustrated in Fig. 8 as the soliton walks through the dispersive wave in the time domain. The model, though simple, reproduces qualitatively all the features mentioned in the previous discussion. In particular, blue-shifted components appear as the soliton walks through the dispersive wave. Also, the gap between the spectrum of the dispersive wave and the new spectral components increases. Omission of the dispersion term in Eq. (3) results in an unchanged spectrum for the dispersive wave. This can be readily understood since, in that case, the soliton walks through the dispersive wave in a symmetric manner and, consequently, the blue chirp induced by the soliton's trailing edge is fully compensated for by the red chirp generated by the leading edge. Thus, we conclude that the observed enhancement of the spectrum on the blue side of the SC finds its origin in XPM with a strong influence caused by the SSFS and the dispersive effects and that it does not result from a pulse trapping mechanism.
Discussion
Most of the literature on supercontinuum generation in MFs reports on experiments performed by launching pulses with a temporal width on the order of 100 fs and a wavelength located in the anomalous dispersion region of the fiber [1, [3] [4] [5] [6] [7] 11] . In these experiments, several authors have noticed an unexpectedly high amplitude [11] and large bandwidth of the dispersive wave spectral components [3] . Furthermore, it has also been observed than the magnitude of the gap between the pump wavelength and the blue spectral components increases with the fiber length [18] . It has also been pointed out that for increasing input power, the center wavelength of the blue band shifts further towards the blue wavelengths while its bandwidth narrows [3, 11] . These observations can also be explained in the context of XPM. Figure 9 displays spectra obtained by launching 140 fs pulses from an 80 MHz repetitionrate Ti:Sapphire laser (Spectra Physics/Tsunami) into 1 m of the MF described above at different input powers. The magnitude and bandwidth of the blue components, respectively, increases and broadens as the input power is increased. The simulated spectrogram of the SC illustrated in Fig. 9 for a 50 mW power is shown in Fig. 10 . The initial pulse decays into multiple solitons that experience the SSFS. Simultaneously, several dispersive waves are generated. The solitons interact with the dispersive waves through XPM as described above, which leads to energy transfer from the red side of the dispersive waves to the blue side. Consequently, the spectral components of the dispersive waves appear shifted towards the blue for longer MFs and the gap between the pump and the spectral components of the dispersive waves is increased. Also, all the XPM interactions between the solitons and dispersive waves contribute to the growth of the blue band of the continuum. The temporal width of the main blue component exceeds 5 ps which is in agreement with recent experiments considering the longer fiber employed here [19] . Note that the strong modulation of the blue light was not observed in the autocorrelation measurements presented in Ref. [19] . This is probably due to the limited temporal resolution of the measurements and to the shot to shot variation which tends to average out the modulation. 
Conclusion
Effects of cross-phase modulation within the continuum generated by launching sub-30 fs pulses from a 1 GHz Ti:Sipphire oscillator into a microstructured fiber were investigated. It was shown that the XPM interaction between the soliton and the blue dispersive wave results in an enhancement of the bandwidth of the continuum towards the blue wavelengths due to the sign of the group velocity mismatch between the soliton and the dispersive wave. The high dispersion value of the fiber at blue wavelengths was found to play a critical role in the process. The effects of cross-phase modulation in the case of supercontinua generated by 200 fs pulses were also discussed.
